Abstract. The accumulation of aggregates of amyloidogenic peptides is associated with numerous human diseases. One well studied example is the association between deposition of amyloid b (Ab) and Alzheimers disease. Insulin degrading enzyme and neprilysin are involved in the clearance of Ab, and presequence peptidase is suggested to play a role in the degradation of mitochondrial Ab. Recent structural analyses reveal that these three peptidases contain a catalytic chamber (crypt) that selectively encapsulates and cleaves amyloidogenic peptides, hence the name cryptidase. The substrate selectivity of these cryptidases is determined by the size and charge distribution of their crypt as well as the conformational flexibility of substrates. The interaction of Ab with the catalytic core of these cryptidases is controlled by conformational changes that make the catalytic chambers accessible for Ab binding. These new structural and biochemical insights into cryptidases provide potential therapeutic strategies for the control of Ab clearance.
Introduction
In humans, metalloproteases are the most abundant (186 of 553 genes) of the five protease classes (aspartic, metallo, cysteine, serine and threonine) [1] . Similar to other proteases, metalloproteases can selectively modify biological functions of targeted substrates to influence diverse biological processes [2] . Recent structural analyses of insulin degrading enzyme (IDE), presequence peptidase (PreP), and neprilysin, have revealed a new common feature of two metalloprotease family members, M16 (IDE and PreP) and M13 (neprilysin) (Fig. 1 ) [3 -8] . These enzymes possess a catalytic chamber that is large enough to encapsulate a variety of peptide substrates that are less than 70 amino acid residues. Access to the catalytic chamber of these enzymes is controlled by protein conformational changes, and the entrapment of substrates and their interaction within this chamber play a key role in substrate recognition and selection. We describe these proteases as cryptidases, from crypt-containing peptidases. Cryptidases target small bioactive peptides. This differs from other crypt-containing proteases such as the 26S proteasome, which targets poly-ubiquitinated proteins [9, 10] and HtrA, an ATP-independent protease-chaperone system that refolds or degrades partially unfolded proteins [11, 12] . Cryptidases are highly relevant in human disease since they have been implicated in the degradation of multiple peptides/ hormones including several forms of Ab [8, 13 -19] . Derived from the amyloid precursor protein (APP), Ab is a processed peptide that is implicated in the development of Alzheimers disease. Thus far, therapeutic strategies against Alzheimers disease have focused primarily on the family of proteases that are implicated in the generation of Ab. Yet, increasing either Ab efflux to the periphery or the rate of Ab degradation represents another promising and valuable alternative [20 -23] . This review focuses on recent advances in structural and functional analyses of the cryptidases, IDE, PreP, and neprilysin and their therapeutic potential toward the control of Ab levels in humans.
IDE IDE (M16.002) was discovered based on its ability to rapidly degrade insulin by Mirsky and Broh-Kahn in 1949 [24] . Such activity is biologically relevant since insulin is a key hormone involved in regulating blood glucose levels and possesses a short half life in humans (4 -6 minutes). Subsequently, Mirsky and colleagues discovered that inhibitors of this activity could potentiate the action of insulin in rabbits [25] . Biochemical purification and characterization of IDE revealed that it is a relatively large (~100 -120 kDa) zinc metalloprotease. Cloning and subsequent bioinformatic analysis of IDE placed it in clan ME of the M16A family of metalloproteases [2, 26, 27] . IDE is evolutionarily conserved and possesses alternatively spliced and initiated variants [28, 29] .
A. Substrate specificity of IDE IDE binds insulin with high affinity (~100 nM) and degrades insulin into several fragments (Fig. 2) . Mice with the knockout of the IDE gene develop hyperinsulinemia [15] . Furthermore, a single nucleotide polymorphism of the human IDE gene is associated with type 2 diabetes [30] . In addition to degrading insulin, IDE has also been implicated in the degradation of Ab in vitro (Fig. 2, Table 1 ) [14, 21, 31] . Consistent with in vitro activity, mice with the knockout of the IDE gene and the GK rat, which has known missense mutations in the IDE gene, result in both elevated levels of insulin in the blood and Ab in the brain [15, 32, 33] . Additional peptide hormones such as insulin-like growth factor (IGF) 2, atrial natriuretic peptide, endorphin, and glucagon, have been demonstrated to be degraded by IDE in vitro [14, 34, 35] . However, further study is still required to demonstrate in vivo relevance. One striking feature of IDE is its substrate selectivity (Fig. 2) . Extensive in vitro enzymatic assays reveal how IDE has high nanomolar affinity for substrates that are diverse in sequence and structure [34] . At the same time, IDE is unable to exert its proteolytic activity on many other peptides that resemble known substrates such as pro-insulin, glucagon-like peptide 1, nerve growth factor, and somatostatin [14] . For example, IDE prefers to cleave ANP over brainderived natriuretic peptide as well as to digest IGF-2 Figure 1 . Catalytic crypts of Ab-degrading enzymes. Catalytic chambers of IDE (A) PreP (B) and neprilysin (C) are depicted as red surfaces. N-terminal domain, hinge region, and C-terminal domain, are depicted as blue, yellow, and gray ribbon, for IDE and PreP, respectively. Catalytic domain (D1), smaller domain (D2), and the three inter-domain linker fragments (linker) of neprilysin are depicted as blue, gray, and yellow ribbon, respectively, in (C). The insertion between helices making the hinge region of PreP is depicted as magenta in (B). The volume data were calculated by VOIDOO [92] , and were used to generate surface representations in Chimera [93] .
over IGF-1 [36 -39] . Interestingly, while IDE peptide substrates share little or no homology of primary amino acid sequence they are amyloidogenic in nature [14, 40, 41] . Another unique feature of IDE is the distribution and stochastic nature of the cleavage sites of its substrates. IDE cuts its substrates multiple times (Fig. 2) . This makes good physiological sense since the role of IDE is to completely inactivate targeted hormones and bioactive peptides. Thus, multiple cleavages are required to achieve this goal. However, this seems to be in conflict with the observation that IDE has only one catalytic center and has tight binding properties for its substrates (e.g., insulin). This tight binding of substrates to IDE with a sole reaction center should result in specific cleavage at a defined site. To make the matter more complicated, cleavage sites of substrates by IDE are distributed to selected regions with certain preferences (Fig. 2 ).
An interesting link exists between the two physiological relevant substrates of IDE, insulin and Ab [35, 42] . Patients with type 2 diabetes have an increased risk of Alzheimers disease. Furthermore, boosting insulin levels in human subjects increases the presence of Ab in the cerebrospinal fluid [43] . Since IDE is more efficient at degrading insulin than Ab, the concomitant increase in insulin and Ab levels may lead to a redistribution of available IDE away from its function as an Ab-degrading enzyme [42] . The link between these two substrates and IDE requires further investigation.
B. Structural basis for the substrate selectivity and regulation of human IDE The structural basis for substrate recognition and regulation of IDE can be understood based on crystal structures of substrate-bound and substrate-free human IDE (Fig. 1A) [3, 8] . X-ray crystallographic [95] , 2GF1 [96] , 1AML [97] , 1ANP [98] , 1YK0 and 1YK1 [99] . Volumes were calculated by VOIDOO [92] using a probe radius of 1.5. Values of K M and IC 50 for insulin, IGF-II, IGF-I, Ab (1 -40) , ANP and BNP, are from references [3, 37, 100, 101] . Coordinates of ANP and BNP (1YK0, 1YK1) are from complexes with natriuretic peptide receptor C-type (NPR-C) [99] . For comparison, native conformation of ANP from PDB ID 1ANP [98] is also shown. (Fig. 1A) . These structures resemble a closed clam shell with two bowl-shaped halves (IDE-N and IDE-C). Similar to other metalloproteases containing the conserved HxxEH motif such as mitochondrial processing peptidase (MPP), pitrilysin, and PreP, the catalytic center is located in IDE-N and contains a zinc ion coordinated by two conserved histidines (H108 and H112) and one glutamate (E189) [3, 4, 8, 44 -46] . Glutamate 111 located in IDE-N domain serves as the base that activates the catalytic water for the hydrolysis of the peptidyl bond [3] . Interestingly, residues from the IDE-C domain are also required for substrate recognition [8] . Consistent with the domain organization of IDE for substrate recognition, biochemical analysis shows that IDE-N alone is able to bind insulin although it has no or little catalytic activity [47] . IDE-C alone has no detectable proteolytic activity. When IDE-N and IDE-C are mixed together, the catalytic activity of IDE is partially restored. The structures of substrate bound IDE reveal the molecular basis of selectivity of IDE. IDE-N and IDE-C together form an enclosed chamber with a total volume of approximately 16,000 3 . This chamber can engulf peptides of different sizes (estimated to be <70 amino acids in length) and is shown to bind full-length Ab 1 -40 , whose volume is calculated to be~10,000 3 ( Table 1 and Fig. 3 ) [8] . The inner surface of IDE-N is mostly neutral or negatively charged whereas IDE-C is largely positive in charge. This unique feature enables IDE to select and exclude substrates by charge complementarity and charge repulsion, respectively. Therefore, size and charge distribution of peptide substrates are two key factors for the substrate selectivity of IDE [8] . Conformational flexibility of peptide substrates is an additional property for the substrate selectivity of IDE. IDEs substrates undergo substantial conformational change upon binding [8] . For example, a segment of the Ab 1 -40 peptide undergoes a conformational switch from an a-helix to a b-strand in order to fit into the catalytic site of IDE. Thus, conformational flexibility of substrates is a prerequisite for being effectively degraded by IDE. The propensity to undergo this conformational switch also plays a key role in the formation of Ab plaques. The tendency for substrates to interconvert from ahelix to b-strands could substantiate the observation that substrates for IDE tend to be amyloidogenic in nature [14, 40, 41] . The binding of IDE catalytic residues to specific sequences of substrates also plays a key role in the selectivity [8] . The interaction of the IDE catalytic site with four different substrates provides the structural basis for the distribution and stochastic nature of the cleavage sites of IDE. The hydrophobic nature of S1 and S1 subsites at the catalytic center of IDE allows it to accommodate bulky, hydrophobic P1 and P1 residues of the substrates. However, the catalytic cavity of IDE is relatively shallow, which allows nonhydrophobic residues to fit without significant energetic penalty. This helps to explain why although IDE [8] . IDE is depicted as transparent surface to allow visualization of the bound Ab in the cavity. IDE-N and IDE-C are depicted as blue and gray, respectively. The hinge region of IDE is depicted as a yellow ribbon, and Ab is depicted as sticks with carbon, nitrogen, and oxygen atoms colored yellow, blue, and red, respectively. The catalytic zinc is depicted as a magenta sphere. Central panel: view of IDE-N after rotation of -90 degree around the y axis (parallel to the plane of the page). Catalytic site and exosite are indicated by the catalytic zinc ion, and by the green surface, respectively. Right panel: details of Ab 1-40 conformation as observed in PDB ID 2G47 (depicted as yellow sticks) superimposed to Ab alone structure from PDB ID 1AML [97] (depicted as transparent gray cartoon). Yellow dashes show the region ofhas preferred cleavage sites, such sequence preference is degenerative. Another unique feature of substrate recognition of IDE is the anchoring of the N-terminus of IDE substrates to a highly conserved exosite located in the substrate-binding chamber of IDE (Fig. 3) [3, 8] . This interaction requires the N-terminal region of IDE substrates to adapt a b-strand conformation. Such binding does not require a specific N-terminal sequence since the main chains of the N-terminal bstrand of IDE substrates form hydrogen bonds with the b-sheet of IDE substrate-binding chamber. Thus, this anchoring provides a structural basis of how IDE mostly cleaves sequences at least 9 -10 amino acid residues away from the N-terminus. In addition, the anchoring of the N-terminus of IDE substrates also allows IDE to cut different regions of IDE substrates in a stochastic manner (Fig. 3) . The conformational switch of IDE between open and closed states plays a key role for substrate binding [3, 8, 48] (Fig. 4) . The crystal structures of substratebound and substrate-free IDE revealed closed conformation of IDE and a lack of any opening that may gather substrates into the active site. Moreover, there are extensive interactions between IDE-N and IDE-C, burying a large surface with good surface complementarity and numerous hydrogen bonds. These bonds form a latch, keeping the cryptidase closed. This closed state of IDE prevents entry and exit of substrates. This prompted the hypothesis that mutations to destroy the extended hydrogen bonding between IDE-N and IDE-C tend to accelerate the protease opening and binding of substrates, which is consistent with recent biochemical findings [3, 8] . The catalytic cycle of IDE can be envisioned as follows (Fig. 4) : IDE would normally be in a stable substrate free closed state (IDE C ). The rearrangement of IDE-N and IDE-C, triggered by a thermodynamic perturbation or other unknown event(s), yields an open state (IDE O ) to allow substrate access to the catalytic site. The IDE-substrate complex then switches back into a closed state, either driven by the binding of substrates or by the attraction between the interface of IDE-N and IDE-C and/or the tension exerted by the loop that joins IDE-N and IDE-C. Once entrapped inside the catalytic chamber, the N-terminus of IDE substrates becomes anchored to the exosite of IDE. In addition, IDE substrates undergo a secondary structure rear- Figure 4 . Model of catalysis for IDE. The first step, the substrate-free closed state (IDE C ), corresponds to atomic coordinates deposited in the PDB as 2JG4 [3] . The open state (IDE O ) depicted on the top right is a theoretical model, where the C-terminal half of IDE has been arbitrarily rotated as a rigid body to depict the state that allows capture of Ab into the catalytic cavity. This is modeled based on substratefree E. coli pitrilysin structure [45] . Once Ab is entrapped in the catalytic chamber (IDE C +Ab), it undergoes conformational changes, as revealed by the structure of IDE C +Ab deposited in the PDB as 2G47 [8] . In this closed stage, IDE performs Ab proteolysis and subsequently releases the cleavage products by switching back to an open state. The catalytic cycle likewise goes towards either the initial substrate-free closed state (the starting IDE C ) completing the catalytic cycle, or it incorporates another molecule of Ab continuing the cycle. Ab is depicted as red cartoon for PDB ID 1AML and as ribbon and sticks for Ab 1-40 from PDB ID 2G47. IDE-N and IDE-C are depicted as transparent blue and grey surfaces, respectively. The loop hinge of IDE is depicted as yellow ribbon. Figures generated by Chimera [93] .
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E. Malito, R. E. Hulse and W.-J. Tang Ab-degrading cryptidases rangement to fit into the catalytic site. The conjunction of exosite anchoring and structural rearrangement of substrates would allow IDE to perform successive cleavages in each cycle of entrapment (Fig. 3) . The final step of the reaction consists of product dissociation that requires IDE to open and release proteolytic fragments. IDE at this stage is either able to incorporate a new substrate to start a new degradation cycle, or to return to the initial substrate-free closed conformation. Therefore, the frequency with which IDE executes the repeated opening and closing is a key to modulating the overall rate of catalysis.
PreP
PreP (M16.012) was initially characterized as a 110 kDa human metalloprotease 1 (hMP1), an evolutionarily conserved metalloprotease sensitive to inhibitors of Zn 2+ -dependent metalloproteases and ubiquitously expressed with higher abundance in heart and muscle [49] . PreP was subsequently found in mitochondria and chloroplasts, and degrades mitochondrial targeting peptides such as the F1b subunit of ATP synthase and the chloroplastic transit peptide SStpNt [50, 51] .
A. Substrates of PreP
PreP is postulated to degrade mitochondrial targeting peptides that are cleaved off by mitochondrial processing peptidases following import. Thus, those mitochondrial targeting peptides rich in positively charged, hydroxylated, and hydrophobic residues will not accumulate and cause mitochondrial toxicity. Recently, PreP was shown to degrade several forms of Ab (Ab 1 -40 and Ab 1 -42 ) [13] . This could be highly significant since Ab is found in mithocondria, and Ab-induced mitochondrial toxicity is associated with Alzheimers disease [52, 53] .
B. Structural analysis of the closed conformation of PreP
The crystal structure of Arabidopsis thaliana PreP (AtPreP) with a co-purified peptide provides the structural basis for substrate recognition and regulation of PreP (Fig. 1B) [4] . Similar to human IDE and pitrilysin, AtPreP is made of two homologous domains, PreP-N and PreP-C ( Figure 1B) . PreP-N also contains the HxxEH motif at the catalytic site, which has a Zn 2+ ion coordinated by two histidines (H77 and H81) and a glutamate (E177) [4, 44] . A glutamate residue (E80) serves as the catalytic base that deprotonates a water molecule for hydrolysis of the peptidyl bond. Similar to IDE, residues belonging to PreP-C (located about 800 amino acid residues from the active site) also contribute to substrate binding; thus, both PreP-N and PreP-C are required for substrate binding and catalysis [4] . Enclosed between PreP-N and PreP-C is a catalytic cavity, which in analogy with the closed form of IDE, has no visible opening for the access of substrates. Disulfide bond crosslinking between PreP-N and PreP-C locks PreP in the closed conformation, rendering the enzyme inactive [4] . This indicates that a conformational switch between open and closed state plays a key role in catalysis. Similar to IDE, AtPrePs catalytic chamber is primarily polar [4] . PreP-N and PreP-C are characterized by an overall negative and positive electrostatic potential, respectively. The highly negatively charged surface could explain the substrate selectivity of PreP to degrade presequences, which are rich in positive charges [4] . The catalytic chamber of PreP in its closed conformation has a volume of~12,000 3 , which is large enough to accommodate Ab 1 -42 (volume is~10,000 3 ) (Table 1) . Thus, similar to IDE, PreP also uses size and charge distribution of the catalytic chamber for substrate selectivity. Differing from IDE, however, no exosite is present in the catalytic chamber of PreP [3] . To date, the precise interaction of PreP with Ab remains elusive [13] . In contrast with the model postulated for IDEmediated catalysis, PreP is hypothesized to normally exist in an unbound open state that, upon substrate binding, switches to a closed state able to perform proteolysis [4] . PreP-N and PreP-C are linked by a hinge of 82 amino acid residues made of two a-helices protruding to form a V shape (Fig. 1B) . Instead, an extended loop is found to connect N-and C-terminal halves in IDE and pitrilysin. Electrostatic forces are postulated to keep AtPreP open and a hinge-bending motion triggered by peptide binding switches AtPreP to the closed state [4] . The hypothesis that unbound AtPreP stays in the open state is largely based on the open conformation observed in the structure of substrate-free E. coli pitrilysin [45] , which shares substantial structural homology with AtPreP and human IDE. Interestingly, PreP-N and PreP-C make substantial contact in the closed state with a large buried surface and good shape complementarity (buried surface = 11,150 2 with shape complementarity score of 0.60) [3] . Thus, it is possible that AtPreP is in a dynamic equilibrium between the open and closed conformations in the absence of peptide substrates, while the binding of the peptides could favor equilibrium toward the closed state. This would provide an additional layer of regulation to control the proteolytic activity of PreP in mitochondria.
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Neprilysin family
Neprilysin (M13.001), also named kidney brush border neutral proteinase, enkephalinase, endopeptidase 24.11, neutral endopeptidase (NEP), common acute lymphoblastic leukemia antigen and CD10 based on repeated independent discovery was officially named by IUBMB in 1992 and has been reviewed in depth elsewhere [2, 20, 23, 54] . This long history reflects the wide range of cell types and processes in which neprilysin is implicated. We will focus on the role and function of neprilysin in the nervous system regarding Ab degradation. Neprilysin is an 85 -93 kDa type II membrane protein with the catalytic domain facing the extracellular/lumen space and is glycosylated at multiple sites (Fig. 1C ) [2, 5] . A related group of proteases, endothelin-converting enzymes 1 (M13.002) and 2 (M13.003) (ECE-1 and ECE-2) share striking similarities in sequence and domain organization to neprilysin [55, 56] . ECE enzymes were originally implicated in the processing of pro-hormone forms of endothelin, a highly potent vasoconstrictor. All three enzymes are shown to be capable of degrading Ab in vitro and in vivo [17, 19, 57 -59] .
A. Ab degradation by neprilysin family Several lines of evidence implicate neprilysin in the degradation of Ab. Neprilysin was shown to degrade Ab 1 -42 in vivo, and selective inhibition of neprilysin blocked Ab degradation in rat hippocampus [59] . Consistent with the role of Ab degradation in vivo, long-term administration of thiorphan, which is a selective inhibitor of neprilysin, caused an increase of Ab 1 -42 plaques in rat hippocampus and the cortical region outside the hippocampus [59] . Inhibition of the neprilysin family of metalloproteases with the metalloprotease inhibitor phosphoramidon was also shown to increase Ab level in mice models [57] . The deletion of the neprilysin gene in mice further supports the role of neprilysin in Ab degradation [19] . These neprilysin knockout homozygote mice have an impaired ability to degrade externally administered Ab 1 -42 and elevated levels of Ab 1 -40 and Ab 1 -42 . Neprilysin was shown to degrade both forms of Ab, with~7-fold higher V max for Ab 1 -40 [60] . Finally, correlative studies in patients with sporadic Alzheimers disease and in normally aged mice and humans implicate a role for neprilysin in Ab degradation [61 -64] . Neprilysin can be used to control Ab levels in vivo. The use of lentivirus to deliver human neprilysin to primary neural progenitors (HCN) showed an enhanced ability to degrade Ab 1 -42 in vitro [65] . In addition, the injection of this virus on one side of the hippocampus of APP transgenic mice decreased plaque burden [65] . Ex vivo gene delivery of a soluble form of neprilysin, via fibroblasts, into transgenic APP mice also demonstrated a robust clearance of plaques [18] . Interestingly, mRNA and protein levels of neprilysin can be induced by intracranial injection of Ab 1 -42 , which also reduced the accumulation of amyloid plaques [66] . Similar to neprilysin, ECE-1 has been shown to degrade Ab in vitro [58] . Homozygous knockouts for ECE-1 are lethal [67] and heterozygous animals show an increased amount of Ab 1 -40 and Ab 1 -42 in the brain [17] . In the same study, homozygous ECE-2 knockout mice also showed a gene dose dependent increase of both forms of Ab in the brain. Furthermore, the exploration of the combinatorial roles of neprilysin, ECE-1 and ECE-2 through the use of knockout mice shows additive effects of this protease family for Ab degradation [57] . In this study, the crossing of neprilysin homozygote knockout mice with ECE-1 heterozygote or homozygote ECE-2 knockout mice yielded higher Ab accumulation than any one knockout by itself. This supports the hypothesis that multiple proteases are involved in the degradation of Ab in the brain.
B. Structural analysis of neprilysin
Neprilysin consists of a short N-terminal cytoplasmic tail, a single trans-membrane helix and a large Cterminal extracellular ectodomain (Fig. 1C) . The Nterminal tail of neprilysin is shown to directly bind the ezrin/radixin/moesin (ERM) protein, which could serve as a scaffold for the organization of membrane-associated cytoskeleton and cell signaling [68] . X-ray structures of the extracellular domain of neprilysin in complex with phosphoramidon and other inhibitors [5 -7] and of ERM in complex with the N-terminal tail of neprilysin [69] have been recently solved. The ellipsoid shaped ectodomain of neprilysin is largely made of a-helices with 6 disulfide bridges and at least 3 N-glycosylation sites. This ectodomain can be divided into 2 domains connected by four inter-domain linkers (Fig. 1C) . Domain 1 is the juxta-transmembrane domain made of three nonconsecutive polypeptide segments belonging to both the N-and the C-terminal regions. The catalytic site, with the conserved HExxH motif necessary for zinc coordination is located within domain 1. Domain 2 is smaller than domain 1 and is connected to domain 1 by three non-consecutive a-helical fragments (Fig. 1C) . While there is no structural similarity of neprilysin to IDE and PreP, neprilysin also possesses a proteolytic chamber that is enclosed between domains 1 and 2 and flanked by the four inter-domain linkers (Fig.  1C) . The catalytic chamber of neprilysin has a total volume of~5,000 3 , which is only about half of the volume of Ab (~10,000
3 ) (Table 1 ). This raises the challenge of explaining how neprilysin degrades Ab [19, 60] . In addition to the non-consecutive linker fragments joining domain 1 and 2, a second major difference with IDE and PreP is that a small opening, constituted primarily of charged residues, connects the catalytic chamber of neprilysin to the solvent. The side-chains of residues lining this opening are separated by~7 distance at their closest point, and on one side are located on a~20 amino acid-long loop (residues 523 -544) positioned to occlude the catalytic chamber (Fig. 1C) . Both the size of the opening and the chamber volume of neprilysin are apparently incompatible with diffusion and fitting of folded Ab into the cavity. Neprilysin probably undergoes conformational change upon Ab binding. The protein motion of neprilysin could be both a close-to-open switch mediated by the linker connecting domain 1 and 2 (similar to the hinge-mediated motion hypothesized to take place in IDE and PreP), as well as a localized shift of the loop in front of the catalytic chamber. Charge-charge interactions between Ab and neprilysin could be responsible for inducing these conformational changes in neprilysin [70] . Once neprilysin partially accommodates Ab in the catalytic cavity, it could perform proteolysis in a progressive manner, generating peptides of different amino acids in length (in a proteasome-like manner). Nevertheless, the structural characterization of the interaction of neprilysin with Ab remains to be determined.
Compartmentalization of Ab-degrading cryptidases for Ab degradation
Ab has a very high clearance rate in the human central nervous system (CNS), approximately 8 % per hour [71] . The Ab clearance in the CNS is controlled by degradation and efflux from CNS to the peripheral circulation [72, 73] . This high clearance rate may be achieved by the presence of cryptidases in multiple cellular compartments. The extracellular space is a primary site for Ab accumulation to form hallmark amyloid plaques observed in Alzheimers disease and extracellular Ab can be degraded by cell surface and secreted form of cryptidases including IDE and neprilysin [74 -76] . As expected, the neprilysin and ECE family are primarily associated with the cell surface [23] . While IDE is originally described as a cytosolic enzyme and suggested to play a critical role in degradation of intracellular Ab [77] , it is also found in endosomes, on the cell surface, and in the extracellular milieu [34, 74, 75] . The recent finding that IDE serves as the receptor of varicella zoster virus further demonstrates the functional role of cell surface localization of IDE [78] . Interestingly, the type of cell in the nervous system may dictate whether IDE is secreted or associated with the cell surface. Primary mouse microglia and the BV-2 cell line are found to secrete IDE, yet primary hippocampal neurons and differentiated PC12 cells only possess membrane associated IDE [74, 76] . Ab is also found in mitochondria, which represent a large fraction of the volume of a cell (22 %) and exist in high density in the dendrites of neurons. Mitochondrial dysfunction in Alzheimers disease emphasizes the potential role of Ab in mitochondria [52, 53] . Both PreP and IDE can be found in mitochondria [29, 79] so they are likely involved in mitochondrial Ab clearance. IDE, ECE-1, and ECE-2 can also be found in other intracellular organelles such as endoplasmic reticulum, Golgi, and endosomes where Ab may be present [23, 80, 81] . The subcellular distributions of several cryptidases support the notion that Ab degradation can be controlled at multiple subcellular compartments.
Ab-degrading cryptidase-based therapy for Alzheimers disease
Ab and APP serve key physiological roles in neuronal functions including the control of synaptic activity [82] and neuronal migration [83] . Thus, control of physiological Ab levels, instead of the complete inhibition of Ab production, is a key to slowing down the progression of Alzheimers disease [22] . Recent evidence also suggests that plaque formation may occur rapidly [84] , positing a challenge to the dynamic control of Ab levels in the brain. Targeting Ab clearance represents a potential therapeutic avenue for patients with Alzheimers disease [22, 73] . A series of studies in Ab-based immunotherapy reveal that targeting Ab directly can reduce the Ab load and amyloid plaques [85 -89] . Ab-degrading cryptidase-based therapies represent an alternative approach in controlling Ab clearance. Therapeutic intervention could occur by re-compartmentalization of cryptidases with gene targeted ex vivo gene therapy [18] . As described above, the soluble form of neprilysin that was expressed in fibroblasts and injected into the brain of transgenic APP mice led to a reduction of amyloid plaques. Alternatively, instead of using immunotherapy, it could be possible to use engineered Ab-specific cryptidases. These cryptidases would have enhanced degrading activity to reduce Ab in peripheral circulation, and this could in turn reduce Ab load in the brain [3, 72] . Small molecular weight drugs to boost the expression and/or activity of cryptidases will likely provide therapeutic benefits as well.
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While Ab-based immunotherapy shows some promise, the first analysis of human neuropathology with Ab immunization had unusual side effects that may be caused by antibody-mediated inflammation [90, 91] . Although further improvement of this approach is ongoing, combinations of Ab-protease based therapeutics with Ab-based immunotherapy may improve the effectiveness of therapy and minimize unwanted side effects.
Concluding remarks
Numerous questions regarding the structure and function of Ab-degrading cryptidases remain to be addressed. Except for IDE in complex with Ab 1 -40 [8] , no structural studies exist describing the molecular basis for the recognition of Ab by cryptidases. While our current structural knowledge suggests conformational changes of both cryptidase and Ab upon their encounter, little is known about these dynamic processes. In addition, our knowledge of other physiologically relevant substrates of these cryptidases is incomplete, as well as our understanding of the regulation of catalytic activity and the control of expression and subcellular compartmentalization of cryptidases is rather limited. However, the rate at which knowledge of cryptidases role in Ab catabolism has expanded during recent years promises exciting further developments that are likely to lead to new therapeutic avenues for Alzheimers disease and other human diseases.
